Introduction
These days an ever increasing number of railway elevated bridges are built in urban areas as part of projects for augmenting the transport capacity or for constructing continuous overhead crossings. This type of projects must be carried out at a very restricted space surrounded by existing structures and within a short period of time at night when there is no train service. This results in high demands for a technique enabling more efficient and more rapid work. In addition, structures have been required to be more seismically resistant since Hyogoken Nanbu Earthquake caused serious damages. Under the circumstances, the concrete filled steel tube (CFT) has come to the fore. Its essential merit is higher seismic performance providing a great load bearing capability and an excellent ductility. Furthermore, it enables a shorter work period because the steel tube can be used as a form for concrete placing. So it is frequently used for
Abstract
Railway elevated bridges in urban areas are often constructed under spatial restrictions in a limited span of time. So, an improved work efficiency and rapid work progress are essential requirements. Moreover, railway structures are required to show a high seismic resistance. The hybrid railway elevated bridge is a type of structure which meets such requirements. The authors have already proposed a method of evaluating the performance of the column of concrete filled steel tube (CFT) and beam of steel/reinforced concrete beam, which compose the hybrid railway rigid frame elevated bridge. However, there has been almost no study on the joint with concrete filled steel tube column. This paper discusses a design method of a newly developed beam-to-column insert joint, with cruciform steel and reinforcing bars inserted into CFT, on the basis of experimental study on its load bearing capability. constructing columns and piles. As a technique of joining different materials of hybrid rigid frame elevated bridges, the insert joint has been devised, which offers ease of construction, labor-saving effect, and offsetting construction errors 1) . By the inset joint practice, inserts of cruciform steel and reinforcing bars (rebars) are made to penetrate into a specified depth in the CFT column, which transmit loads between beams and columns. The design principle of avoiding failure of joint considers the possibility that fracture of the joint, being a weak point, would induce falling down of the whole structure. However, this principle may require an excessively large strength than other members, resulting in difficult arrangement of steel members in the joint in some cases. It is necessary, therefore, to accurately assess the load bearing capability of the joint and reflect its results upon the design method. In the study reported here, for cases where bending fracture of the joint takes place before the column fails from bending, the fracture mode of the joint was investigated through alternating loading test, to review the load bearing capability of the insert joint already proposed.
Alternating loading test of insert joint

Overview of the experiment
The test specimen is an about 1/2-scale model of the beam-column joint of an ordinary railway rigid frame elevated bridge. The standard column tube is 406.4 mm in diameter, 6.4 mm thick (STK490). The filling concrete f'ck was 24 N/mm 2 . The strength of the joint was determined, according to Design standard for railway structures and commentary, Steel-concrete hybrid structures 2) (hereinafter referred to as "Hybrid Structure Design Standard"). The strength of the insert was assumed to be not more than the bending strength of the CFT member, so as to induce bending failure of the insert before the CFT member fracture. The shape and characteristics of the test specimens are shown in Table 1 and Figure 1 . Alternating horizontal loads were applied in the quasi-static manner to the loading point of column head. Specimens JTSC-7 and 8 were subjected to constant compressive axial forces equal to the fully plastic compressive strength multiplied by a factor of 0.1 and 0.25, then to horizontal loads. Every specimen underwent the same loading pattern. The horizontal displacement of the loading point on the column head when the insert cruciform steel or rebars yielded, 
Test results a) Fracture mode
All the specimens for this test were designed in such a manner that they would fail from bending fracture of inserts. Nevertheless, both bending fracture of CFT column and that of inserts occurred in the test. The fracture mode was assessed by strain of the inserts, local buckling of the steel tube and cracking in the footing. Photos 1 and 2 are the views of the fractured specimens.
In the case of CFT tube bending fracture, the steel tube locally buckled near the insert tip, at around the maximum load. Due to cracking induced by development of the local buckling and low cycle fatigue at the top of locally buckled portion, the specimen reached the ultimate state. On the other hand, the cracking in the footing surface, which was observed from yield point to maximum load, ceased growing as the local buckling developed.
In the case of bending fracture of inserts, no local buckling was found in the steel tube; the axial strain of the insert cruciform steel and rebars developed as the loading cycle increased, resulting in floating up of the steel tube from the footing surface, and separation of concrete in the vicinity of the boundary between steel tube and footing. There were cases where exposed rebars were broken. Figure 2 illustrates the cracking status in the upper surface of footing concrete of JTSC-9 broken at the joint, at the time of initial cracking observed (5δy), maximum load (7δy) and near the ultimate strain (11δy). The circle at the center represents the steel tube section.
Photo 1: View after loading (JTSC-9) Photo 2: View after loading (JTSC-2) Table 2 shows the experimental maximum load of each specimen with calculated bending strength of CFT member and insert. The bending strength of the CFT member was calculated according to Design standard for railway structures and commentary, Seismic design 3) (hereinafter referred to as "Seismic Design Standard"). In this calculation, the distance from loading point to insert tip was taken as the shear span, and the maximum bending moment Mm was obtained; the magnitude of Mm was divided by the shear span to determine the magnitude of load at the loading point. The bending strength of the insert was calculated conforming to the Hybrid Structure Design Standard, assuming a circular SRC section in the boundary between footing and steel tube. The figures in the shaded cells represent the calculated strength corresponding to the fracture mode. In the case of CFT column bending fracture, there is a good agreement between the calculated bending strength of the CFT column and experimental maximum load. In contrast, in the case of insert bending fracture, the experimental maximum load significantly exceeds the calculated bending strength. Considering such a large difference, we can conclude that predicted fracture (bending fracture of the insert) did not take place. Relationship between horizontal load and column head displacement hysteresis curves of JTSC-2 (CFT column bending fracture) and JTSC-9 (insert bending fracture) respectively, and Figure 5 provides comparison of envelopes of both cases. It has been said that the insert is prone to brittle fracture. However, as known from these graphs, with the case of bending fracture of inserts, the displacement at the maximum load and displacement up to ultimate state are larger than the case of CFT column bending fracture, offering qualitatively higher ductility. This can be explained by the fact that, with CFT column bending fracture, the structural performance continues to degrade because of local buckling of the steel tube, and finally, the ductility is limited by cracking from low cycle fatigue. On the other hand, with insert bending fracture, the deterioration depends upon relatively slow progress of concrete damage in the footing surface at the steel tube base, resulting in a greater ductility. Furthermore, the shape of the hysteresis curve demonstrates that high energy absorbing capability of the CFT structure is sufficiently maintained even at the bending fracture of inserts.
Evaluation of the load-carrying capacity of the inserts
The Hybrid Structure Design Standard considers these three fracture modes of the joint with cruciform steel/rebar inserts. -Yielding failure of steel tube at the joint -Bending fracture of inserts -Shear fracture of inserts In the study on yielding failure of steel tube at the joint, and bending fracture of inserts, whichever smaller the bending strength of CFT column (ultimate strength Mu calculated by the Hybrid Structure Design Standard) multiplied by 1.4 or the bending strength of RC or SRC beam multiplied by 1.3, is taken as the design moment, that is, validation reference for the bending strength of each member. This prescription considers the largest difference between past experimental results and calculated strengths, and is based on the principle that the joint will not fail before the fracture of column or beam. As for the bending strength of CFT member, a study 1) published after the edition of the Hybrid Structure Design Standard proposes Mm which is obtained by multiplying Mu, involving the equivalent plastic hinge given as a function of the axial force ratio. In the design of the specimens, the bending strength of the inserts were set to a value equal to or less than that of the CFT column, in order to focus upon the study of bending failure of the inserts. However, as mentioned earlier, no specimen showed the predicted fracture mode, with significant disagreement between test results and calculation. Considering such disagreement, we will study below corrections of the current (1) According to the conventional design practice, the weak axis member of the cruciform steel (i.e., member whose web is normal to the loading direction) is ignored in calculation of the bending strength.
(2) By the effect of steel column restraining the concrete, the strength of concrete in the axial direction increases. The calculation does not take into account this phenomenon. Involving these points, we corrected the calculation method as follows.
The weak axis member of the cruciform steel is also included in the bending strength calculation (corrected calculation 1). In stead of the strain at the concrete compressive fiber, 0.0035, specified for calculation of bending strength of SRC member, the compressive strain at the outermost fiber of concrete for calculation of bending strength of CFT member is used 3) , to involve the concrete restraining effect by the steel tube, as with CFT member. (corrected calculation 2) The yield stress of the steel tube is supposed to work as concrete restraining force in the circumferential direction, since in the test the strain in the circumferential direction was around the yield point in any specimen. Under this supposition, on the basis of the references by Park, R. et al. 4) and Mander, J.B. et al. 5) , the compressive strength corrected as follows is used. (corrected calculation 3) The restraining stress l f is given by Table 3 , the experimental magnitudes of bending strength of the inserts can be predicted with a much improved accuracy, by the calculation with fully plastic moment, and taking into account the weak axis member and concrete restraining effect. Figure 6 shows the ratio of bending strength of the inserts (corrected calculation value 3) to that of CFT column (converted from the load at the loading point). Since this ratio of the specimens of the present test lies in a narrow range from 0.9 to 1.1, it is difficult to predict which fracture mode would occur for each specimen. However, as shown in the figure, different fracture modes are distinctively distributed around the ratio of 1.0. The ratio of JTSC-3 is 1.01, so either fracture mode would take place with approximately the same probability. In conclusion, it is possible to predict the fracture mode by the bending strength ratio.
The insert joint section is designed by the current assessment method so as to present a ratio of about 1.9 or more, if expressed by the evaluation technique of Figure 6 . We know that the evaluation has been (excessively) conservative for inducing insert bending fracture, under the principle of avoiding joint fracture preceding mode.
Design method of the insert joint
The alternating loading test revealed that, even in the case of insert bending fracture, there is little risk of brittle fracture, and the subject configurations offer an excellent energy absorbing capability. However; -There remain unknown points about the behavior with further decreased ratio of the strength of the inserts to that of CFT member.
-It is easier to repair the damaged tube than replacing the damaged inserts.
-Through review of the evaluation method of the bending strength of inserts, it will be possible to design more compact inserts. For these reasons, the joint fracture preceding mode is not allowed when designing the insert, following the design principle. It is therefore necessary in designing to provide inserts with a bending strength (moment) higher than that of CFT column, when It should be noted that, considering possible variance of calculation accuracy of each bending strength, the strength should be conservatively determined. As for the bending strength of the CFT column, calculation may underestimate it by up to 10 % in terms of the experimental value, as revealed by the results of the previous loading test with a simple CFT column 1) and those of the present test with 22 specimens in total. In contrast, as for the bending strength of inserts, even the maximum calculated value is about the same as the experimental value, that is, calculated values are in general equal to or less than experimental results. Hence, we can achieve conservative assessment by designing a strength of inserts 1.1 times as large as the bending strength of CFT column. It is reasonable to apply Equation (4.a) when assessing the safety for bending fracture of inserts. In almost all cases of assessment of the bending strength of inserts by this method, the bending moment of CFT column is used for determining the design bending moment Md. This method provides a section with a bending strength decreased by about 55% (from 1.9 to 1.1) in terms of the strength by the current evaluation method.
Conclusions
Alternating loading tests were conducted with specimens simulating the specifications of cruciform steel/rebar joints. These joints are proposed for hybrid rigid frame elevated bridges with CFT column and RC or SRC beams. Based on the experimental results, the load carrying capability and ductility of CFT columns with such a type of joint were evaluated. The results of the study are summarized as follows.
(1) It has been said that inserts are prone to brittle failure. However, if the CFT/insert strength ratio is similar to that of the present test, even in the case of bending fracture of the inserts, brittle failure does not occur, and a satisfactory ductility is provided.
(2) The bending strength of the inserts can be accurately evaluated, through calculation of the fully plastic moment of the section, involving the contribution of weak axis member of the cruciform steel and concrete restraining effect by steel tube. (3) For assessing the safety of the inserts, the bending strength of CFT member multiplied by a factor of 1.1 is taken as design bending moment, and is multiplied by the ratio of spans to each failure point. This technique ensures a suitable safety margin.
